With the goal of constructing a genetic alphabet consisting of a set of three base pairs, the fidelity of replication of the three base pairs T H (5-methyl-2-pyrimidinone)/H S (6-thiopurine; thiohypoxanthine), C/H (hypoxanthine) and T/A was evaluated using T7 DNA polymerase, a polymerase with a strong 3 → 5 exonuclease activity. An evaluation of the suitability of a new base pair for replication should include both the contribution of the fidelity of a polymerase activity and the contribution of proofreading by a 3 → 5 exonuclease activity. Using a steadystate kinetics method that included the contribution of the 3 → 5 exonuclease activity, the fidelity of replication was determined. The method determined the ratio of the apparent rate constant for the addition of a deoxynucleotide to the primer across from a template base by the polymerase activity and the rate constant for removal of the added deoxynucleotide from the primer by the 3 → 5 exonuclease activity. This ratio was designated the eni (efficiency of net incorporation). The eni of the base pair C/H was equal to or greater than the eni of T/A. The eni of the base pair T H /H S was 0.1 times that of A/T for T H in the template and 0.01 times that of A/T for H S in the template. The ratio of the eni of a mismatched deoxynucleotide to the eni of a matched deoxynucleotide was a measure of the error frequency. The error frequencies were as follows: thymine or T H opposite a template hypoxanthine, 2 × 10 −6 ; H S opposite a template cytosine, < 3 × 10 −4 . The remaining 24 mismatched combinations of bases gave no detectable net incorporation. Two mismatches, hypoxanthine opposite a template thymine or a template T H , showed trace incorporation in the presence of a standard dNTP complementary to the next template base. T7 DNA polymerase extended the primer beyond each of the matched base pairs of the set. The level of fidelity of replication of the three base pairs with T7 DNA polymerase suggests that they are adequate for a three-base-pair alphabet for DNA replication.
INTRODUCTION
The replication of a number of non-standard base pairs with DNA polymerases has been investigated for their fidelity of replication [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , with the goals of elucidating structural requirements for incorporation and for good fidelity of replication, and the development of a genetic alphabet consisting of three base pairs. The discovery that difluorotoluene deoxynucleotide is incorporated opposite a template thymine [9] and that 4-methylbenzimidazole deoxynucleotide is incorporated opposite a template thymine [10] demonstrated that hydrogen bonding between bases is not necessary for incorporation. X-ray diffraction determinations of the structures of several DNA polymerases, including T7p (T7 DNA polymerase) [11] , with template/primer and dNTP (reviewed in [12] [13] [14] ) showed that the size and form of a substrate-inducible pocket are essential constraints on the incorporation of a deoxynucleotide opposite a template base. In the in vivo environment, there is the additional requirement that the base pair must have sufficient stability so that the deoxynucleotide incorporated into the growing strand will not be removed rapidly by a 3 → 5 exonuclease activity. The rapid removal of a deoxynucleotide from the terminal base pairs difluorotoluene/adenine and 4-methylbenzimidazole/thymine by the 3 → 5 exonuclease of Kf (the large Klenow fragment of DNA polymerase I) [15] demonstrated that incorporation by a Abbreviations used: H, hypoxanthine; H S , 6-thiopurine (thiohypoxanthine); dI, hypoxanthine deoxynucleoside (deoxynucleoside of inosine); dI S , 6-thiopurine deoxynucleoside; T H , 5-methyl-2-pyrimidinone; Kf, Klenow fragement of Eschericha coli DNA polymerase I; T7p, T7 DNA polymerase; eni, efficiency of net incorporation.
1 e-mail harry.rappaport@temple.edu polymerase activity is not sufficient to produce replication when a 3 → 5 exonuclease activity is present. A previous investigation [6] of the fidelity of replication of the two standard base pairs and 6-thioguanine/T H (5-methyl-2-pyrimidinone) with Kf demonstrated very significant mismatched incorporation of the base pairs 6-thioguanine/cytosine and guanine/T H . Two suggestions to reduce the frequency of mismatch incorporations were to substitute H S (6-thiopurine) for 6-thioguanine, and to substitute 5-methyl-2-thiopyrimidinone for T H . Each substitution would reduce the number of potential hydrogen bonds between the mismatched bases to one. It was also realized that Kf might not be an appropriate model for in vivo replication. The enzyme has neither strong processivity nor a strong 3 → 5 exonuclease activity for proofreading. A more appropriate model for in vivo replication is unmodified T7p, a polymerase that has strong processivity [16] and a very active exonuclease [17] . A previous study of fidelity with T7p [18] showed an increase in mismatch incorporations mediated by the strong processivity in the absence of the exonuclease activity, and the importance of the 3 → 5 exonuclease activity for correcting mismatch incorporations.
The availability of a new base pair with good fidelity of replication would allow several new investigations. Several investigators [19, 20] have analysed the requirements for an extension of the genetic code so that non-standard amino acids could be incorporated into protein. A significant effort is required to design appropriate tRNAs and their cognate synthetases. There are applications for a new base pair that would not require further development. Several examples are as follows. (1) The incorporation of sequences of a new base pair into the genome of a pathogenic organism would result in an organism that could not easily replicate its genome without a source of the new deoxynucleosides. (2) A sequence of the new base pairs placed in a promoter region of the genome would allow investigation of the importance of groups on the bases for determining specific protein interactions. (3) The incorporation of a sequence of a new base pair in the DNA of a chromosome would allow an investigation of the specificity of nucleosome formation. If one of the new bases contained a sulphur group, the degree of protection of this group could be determined during nucleosome reorganization associated with replication, recombination and transcription.
In the present study, a steady-state kinetic method for evaluating the fidelity of replication was developed. The method determines the ratio of the rate constants for the addition of a deoxynucleotide to the primer across from a template base by the polymerase activity and the removal of the added deoxynucleotide from the primer by the 3 → 5 exonuclease activity. Using this kinetic method, the fidelity of replication of the set of three base pairs T/A, C/H (hypoxanthine) and T H /H S ( Figure 1 ) was evaluated with T7p. T-2  TCGACGGACCCGTC  T-4  GACACGGACCCGTC  T-6  GATACGGACCCGTC  T-H   S   GACGGGTCCGTH  S AAAGTAGCGCTA  T-T   H   TTT  H ACGGACCCGTC  T-H  GAHACGGACCCGTC  P-3  GACGGGTCCG  P-4  GACGGGTCCGT  P-5 TAGCGCTACTTT xanthine were obtained from Integrated DNA Technologies, Inc. G-25 Sephadex columns (NAP TM 5) were obtained from Amersham Pharmacia.
MATERIALS AND METHODS

Materials
HPLC
All studies used a Milton Roy fixed wavelength Monitor D at either 254 or 326 nm.
Electrophoresis
Preparative and analytical electrophoresis used 20-25 % (w/v) acrylamide with 7 M urea in buffer containing 50 mM Tris/borate and 1 mM EDTA, pH 8.3. When oligomers containing H S were purified by electrophoresis, 1 mM glutathione was present in the cathode buffer, and pre-sample electrophoresis was for 30 min.
Autoradiography
The relative amounts of 32 P-labelled oligomers on a gel were determined by densitometer measurements of exposed Kodak X-Omat film. The densities were determined by volume integration of the whole image using a Molecular Dynamics Personnel Densitometer 355A and software provided (now owned by Amersham). Comparing two or more different times of exposure confirmed the linear response of the film.
Deoxynucleotide synthesis
2 -Deoxyribosyl-5-methyl-2-pyrimidinone was from a previous synthesis [21] . 2 -Deoxyribosyl-6-thiopurine was synthesized as described by Xu et al. [22] . The compound was purified further by preparative layer chromatography.
Synthesis and purification of deoxyribonucleoside 5 -triphosphates
All of the non-standard deoxynucleoside 5 -triphosphates were synthesized using the procedure of Maybaum et al. [23] . Purification was carried out using HPLC with a weak anion-exchange column and a gradient of ammonium bicarbonate [6] .
Oligodeoxynucleotide synthesis
The synthesis, purification, and nucleoside analysis of oligomers containing T H were as described previously [6] . To avoid any conversion of H S by chemical reagents, the oligomer containing H S was synthesized by an enzymic method [6] . The oligomers were purified by electrophoresis and the deoxynucleoside analysis used the method of Rappaport [6] . The sequences of all oligomers are listed in Table 1 .
Scheme 1 Kinetic steps for action of T7p
For mathematical analysis, see the Appendix.
General DNA polymerization reaction
The final concentrations for the T7p-catalysed reaction were 60 mM Tris/HCl, pH 7.6, 5 mM dithiothreitol, 10 mM MgCl 2 , 1 mg/ml BSA, 2-8 nM template, 2-8 nM primer, 0.4 unit/10 µl T7p, and the appropriate concentrations of the dNTPs. Reactions were started by the addition of polymerase, and incubated at 18.5
• C. Portions (1 µl) were removed at appropriate times and added to 8 µl of 90% (v/v) formamide containing 1 mM EDTA and 0.06 % xylene cyanol dye for tracking during electrophoresis.
RESULTS
Scheme 1 shows the minimum number of kinetic steps assumed for T7p. The standard experiment was the addition of a saturating amount of T7p to annealed template and primer, and a specific dNTP. A temperature of 18.5
• C was chosen to lower the reaction rates to values that allowed convenient sampling of the reactions in time and to ensure the stability of the template/primer molecule. Using 32 P-labelled primer, aliquots of the solution were taken at various times, and the amounts of primer with initial length n and extended length n + 1 were determined from a PAGE separation.
Mathematical description and experimental verification
The mathematical analysis of Scheme 1 is given in the Appendix. 
(1) k 2 is the rate constant for the intermediate, polymerase(template/ primer · dNTP), adding the deoxynucleotide to the primer; k 3 is the rate of removal of the added deoxynucleotide from the primer; and K m is the Michaelis constant for the dNTP. Scheme 1 only shows the decay of D n to D n−1 . The detailed kinetics for the formation and degradation of primers with lengths less than n do not affect the steady-state analysis of primers with length n and n + 1, because of two conditions: (1) the concentration of polymerase saturated the template/primer molecules; and (2) a primer of length n − 1 (D n−1 ) cannot return to a primer of length n (D n ) due to the absence of the correct dNTP.
Fersht et al. [24] suggested that the efficiency of incorporation of a deoxynucleotide can be measured by V max /K m when employing the standard steady-state method. V max /K m is the rate constant for the incorporation of a deoxynucleotide when the concentration of the dNTP is much less than its K m . Boosalis et al. [25] used the ratio of the V max /K m of a mismatched deoxynucleotide to the V max /K m of the matched deoxynucleotide as
Figure 2 Products of polymerase and exonuclease activities
Shown are X-ray film recordings of 32 P decay, as 5 phosphate, from PAGE separations of the initial primer (11 mer), the extended primer (12 mer), and a primer degraded by one nucleotide (10 mer). The incorporation is hypoxanthine deoxynucleotide opposite the template base cytosine (T-4/P-4; see Table 1 ) for reaction times of 0 min (A), 10 min (B), 40 min (C) and 60 min (D). The concentration of hypoxanthine dNTP in each reaction is shown above the lanes. The zero-time sample is overexposed to indicate no 12 mer. The contrast has been changed from that of the original X-ray films for publication.
a measure of the error frequency. When both polymerase and exonuclease activities are present, an appropriate measure should take into account both activities. An appropriate measure is the ratio of the apparent second-order rate constant for the reaction of the polymerase(template/primer), D n , and a dNTP to give polymerase(template/extended primer), D n+1 , and the first-order rate constant for the removal of the added deoxynucleotide from the extended primer. The expression k 2 /K m is the second-order rate constant under steady-state conditions (eqn A6 and interpretation in the Appendix). The first-order rate constant for removal of the deoxynucleotide is k 3 . The expression k 2 /(K m × k 3 ) is defined as the eni (efficiency of net incorporation). The experimental justifications for the assumption of a steady state and for the fact that a saturating concentration of the polymerase was used are given in the next paragraph.
An example of the experimental data is shown in Figure 2 . The experiment measured the incorporation of hypoxanthine Data are from the density analysis of the PAGE separation of 32 P (as 5 -phosphate)-labelled extended primer (12 mer) and initial primer (11 mer), using X-ray film. The three sets of data are: (A) incorporation of dG into primer opposite a template cytosine (T-4/P-4); (B) incorporation of hypoxanthine deoxynucleotide (dI) into primer opposite a template cytosine (T-4/P-4); (C) incorporation of H S deoxynucleotide (dI S ) into a primer opposite a template, T H (T-T H /P-3). The ratio of the amount of extended primer to initial primer is given as a function of time and the concentrations of the dNTPs used in reactions catalysed by T7p. deoxynucleotide opposite the template base cytosine (primer P-4, template T-4; see Table 1 ). The X-ray film recorded the decay of 32 P as phosphate attached to the 5 end of the initial primer (11 mer), the extended primer (12 mer), and the first degraded length (10 mer), after PAGE separation of the oligomers. Because the PAGE separation had 7 M urea in the gel, the amount of 11 mer is the sum of D n + D n · dNTP. It was not necessary to take into account the fact that the primer in D n was degraded continuously during the experiment. The reasons for this were: (1) only the ratio of the concentration of extended primer to the concentration of initial primer was used in the analysis; and (2) D n−1 could not return to D n because the correct dNTP was not present. The decreases in density in Figure 2 that occurred from 10 to 60 min were due to the increasing amounts of primer with lengths of less than n − 1 produced by the exonuclease activity. Each panel is labelled with the time of the sample (10, 40 or 60 min), and the concentration of the dNTP (µM) is indicated above each lane. Primer lengths of < 10 are not shown in Figure 2 . Table 2(B) records the data from the X-ray film shown in Figure 2 . In addition, typical data are shown for the net incorporation of guanine deoxynucleotide opposite the template base cytosine (Table 2A ) and the net incorporation of H S deoxynucleotide opposite the template base T H (Table 2C ). The assumption for the derivation of eqn (1) that the steady-state condition holds for the intermediate D n · dNTP and the product D n+1 was verified by the constancy of the ratio of the amount of the extended primer (12 mer) to that of the initial primer (11 mer) from 10 to 60 min, even though there was continuous and significant degradation of the initial primer to shorter lengths with increasing time. The assumption that a saturating amount of T7p was present was demonstrated by the fact that no change occurred in the ratios with increasing amounts of T7p above 40 units/ml.
Sensitivity of assay
The sensitivity of the assay in terms of the eni, k 2 /(k 3 × K m ), was estimated to be 2 × 10
200 from the experimentally determined trace amount that could be detected. A concentration of 500 µM was used for the dNTP, the maximum concentration employed to detect incorporation. It was assumed that trace incorporation was detected when the rate of product formation was half of the maximum rate, i.e. K m = [dNTP] in eqn (1).
Choice of deoxynucleotides
Preliminary experiments indicated that significant net incorporation of guanine deoxynucleotide opposite template T H occurred. Since model building indicated that guanine had the potential to form two hydrogen bonds with T H , guanine was replaced with hypoxanthine, which has the potential to form one hydrogen bond with T H but retains the potential for two hydrogen bonds with cytosine.
Kinetic parameters
The kinetic parameters k 2 /k 3 and K m were determined from graphs of k 3 Table 3 lists the values of k 2 /k 3 , K m and k 2 /(k 3 × K m ) for those combinations of the six bases that gave detectable incorporation with T7p. dG/C, dG/T and dT/G are included for reference. For the base-pair combinations that did not give detectable net incorporation, the maximum concentration of the dNTP employed was 500 µM.
Potential sources of error
There are three major sources of possible error in determining the kinetic parameters: (1) if the concentration of the dNTP changed significantly during the reaction; (2) if the dNTP acted as an inhibitor of the exonuclease; and (3) if there were molecules of the primer or template/primer that could not be extended. Both possibilities 1 and 2 would lead to plots of k 3 /v against 1/[dNTP] that were not linear. If the concentration of the dNTP changed significantly during the reaction, the lowest initial concentration would show the greatest deviation from linearity. If the dNTP was an inhibitor of the exonuclease, the greatest effect would occur at the highest concentration. No deviations from linearity at the lowest concentration were observed for any case with detectable net incorporation, as illustrated in Figure 3 . In one case, with H S deoxynucleotide opposite a template cytosine, inhibition was observed at a high concentration of H S dNTP. The third possible source of error, i.e. that some primer molecules could not be extended, would distort the measured ratio
) from the actual steady-state value. The distortion could be particularly significant at high concentrations of dNTP, where most of the extendable primer molecules would have a length of n + 1. Primer molecules, as both primer and template/primer, were degraded rapidly to oligomers of lengths of two or three deoxynucleotides when no dNTP was present. More than 98 % of the initial primer molecules were degraded within 10 min, and no primer molecules of length n were detected at 40 min. This result showed that all detectable primer molecules, regardless of whether or not they could be extended, were degraded by the exonuclease activity in 40 min. The sample data of The kinetic parameters for the incorporation of a deoxynucleotide (dN) opposite a template base (B) with T7p are given. Template/primer sequences are listed in Table 1 . k 2 is the rate of incorporation of the deoxynucleotide by the polymerase, k 3 is the rate of removal of the incorporated deoxynucleotide by the 3 → 5 exonuclease, and K m is the Michaelis constant for the dNTP. In an experiment separate from those determining the kinetic parameters, in addition to the designated deoxynucleotide a standard dNTP complementary to the template base following the designated template base was present in saturating amounts. The incorporation of the standard deoxynucleotide on to the extended primer under steady-state conditions is shown by: (+), good extension; (+ − ), moderate extension; (−), no extension. All combinations of the bases adenine (A), thymine (T), hypoxanthine (H), cytosine (C), H S and T H were examined, except for A/C, C/T, C/C, T/T and A/A. The combinations dG/C, dG/T and dT/G are given for reference. The standard error was 0.4 or less for each parameter. n is the number of independent experiments. Only combinations with detectable incorporation are shown. 
should have increased from 10 to 60 min as the non-extendable primer molecules were degraded.
Estimation of k 2 /(k 3 × K m ) for trace incorporation
The sensitivity of detection with X-ray film of the extended primer, D n+1 , was 1/200 of the density of the initial primer, D n . Assuming that trace net incorporation occurred when the velocity of production of the extended primer was half the maximum velocity ([dNTP] = K m ), k 2 /k 3 was 10 −2 (eqn 1). Since trace incorporation occurred at a concentration of 500 µM dNTP, the estimate of k 2 /(k 3 × K m ) was 2 × 10 −5 µM −1 . 3 for dI/C and dC/H, or dT/A and dA/T. An experiment separate from those determining the kinetic parameters was used to determine if extension of the primer beyond each of the two combinations of base pairs, for example dT H /H S and dI S /T H , could occur. In these experiments a standard dNTP at a saturating concentration was present in addition to the designated dNTP. The standard dNTP was complementary to the template base following the designated template base. A qualitative determination of the amount of incorporation of the standard deoxynucleotide opposite its complementary template base was made, with categories of good extension (+), moderate extension (+ − ) and no extension (−) ( Table 3 ). There was significant extension of the primer beyond each of the two combinations of the three base pairs, i.e. dT/A and dA/T, dI/C and dC/H, and dT H /H S and dI S /T H . Trace net incorporation of the mismatch thymine deoxynucleotide or T H deoxynucleotide occurred opposite hypoxanthine. The eni of thymine deoxynucleotide or T H deoxynucleotide opposite hypoxanthine was 2 × 10 −5 µM −1 , and the eni of cytosine deoxynucleotide opposite hypoxanthine was 9 µM −1 ( Table 3 ). The error frequency (the ratio of the mismatched to the matched eni) was one thymine deoxynucleotide or T H deoxynucleotide to 5 × 10 5 cytosine deoxynucleotides incorporated opposite hypoxanthine.
Comparison of kinetic parameters and error frequencies
Only an estimate of the maximum eni of H S deoxynucleotide opposite cytosine could be calculated, because H S dNTP inhibited the exonuclease activity at high concentrations. The inhibition was manifested by a much lower rate of degradation of the primer into shorter lengths than was observed with a saturating concentration of guanine dNTP opposite a template cytosine. The calculation is based on the following results: (1) no detectable incorporation occurred up to 60 µM H S dNTP; and (2) at a concentration of 125 µM H S dNTP, net incorporation was observed, and inhibition of exonuclease activity occurred. To estimate the maximum eni, two conditions were assumed.
(1) At 60 µM H S dNTP, a trace amount of 12 mer was present. The ratio of 12 mer/11 mer was then 1:200, the trace amount that was detectable. (2) For trace incorporation to have occurred, the rate of product formation was half of the maximum rate. Using eqn (1), the value of k 2 /(k 3 × K m ), i.e. the eni, was less than 1.7 × 10 −4 µM −1 . The eni of hypoxanthine deoxynucleotide opposite cytosine was 5 × 10 −1 µM −1 . The error frequency was thus one H S deoxynucleotide to 3 × 10 3 hypoxanthine deoxynucleotides incorporated opposite cytosine. There was no net incorporation of cytosine deoxynucleotide opposite a template H S at 500 µM.
In the three cases of trace incorporation, i.e. dT/G, dT/H and dT H /H, trace extension of the primer beyond the base pairs was detected. Although no net incorporation of H S deoxynucleotide was detected opposite a template cytosine at a concentration of 60 µM, a trace amount of extension (D n+2 ) occurred when a saturating amount of thymine dNTP was used opposite the next base of the template, adenine. No net incorporation of guanine or hypoxanthine deoxynucleotide was detected opposite a template thymine, but a trace amount of extension (D n+2 ) was found in both cases. No other combination of bases showed extension to D n+2 with saturating concentrations of a standard dNTP complementary to the next base in the template.
DISCUSSION
The goal of this investigation was to construct a set of three base pairs with the minimum change in the standard two base pairs that would have good fidelity of replication with a DNA polymerase. For an investigation of the fidelity of replication of new bases to have relevance for in vivo replication, both the accuracy of a polymerase activity and the proofreading of a 3 → 5 exonuclease activity should be evaluated together. T7p was chosen for the in vitro investigation because of its high polymerase and 3 → 5 exonuclease activities [17] .
There are two properties that a base pair should possess in order to show significant net incorporation with a DNA polymerase that has strong 3 → 5 exonuclease activity: (1) a significant rate of incorporation of each deoxynucleotide occurs opposite its complementary template base; and (2) the base pair has sufficient stability that the rate of removal of the added deoxynucleotide from the primer by the 3 → 5 exonuclease activity is low. The results of Morales and Kool [26] showed that the base pair 2,4-difluorotoluene/adenine, with no hydrogen bonds between the bases, had a large difference in the efficiency of incorporation between Kf and T7p. Although the base pairs 2,4-difluorotoluene/adenine and 4-methylbenzimidazole/thymine have significant rates of incorporation with Kf, they do not always show stability towards a 3 → 5 exonuclease activity [15] . The latter result suggested that an essential property to incorporate into the design of a new base pair is stability towards a 3 → 5 exonuclease activity. Although base stacking interactions are important for stability, the specificity of different base-pair stabilities is determined by steric effects and hydrogen bonding [27] .
A previous investigation [6] of the fidelity of replication of the two standard base pairs and 6-thioguanine/T H with Kf demonstrated very significant mismatched incorporation of the base pairs 6-thioguanine/cytosine and guanine/T H . Two suggestions to reduce the frequency of mismatch incorporations were to substitute H S for 6-thioguanine and to substitute 5-methyl-2-thiopyrimidinone for T H . Both of these suggestions result in one potential hydrogen bond between the mismatched pairs.
Two physical processes have been proposed to distinguish between matched and mismatched base pairs at the 3 end of the primer when the primer is positioned at the polymerase site. Since only single-stranded DNA is bound at the exonuclease site, and the distance between the exonuclease site and the polymerase site is 30 Å (3 nm) [12] [13] [14] , both processes are assumed to allow at least four base pairs at the 3 end of the primer to unwind from the template. The 3 end of the primer then moves to the exonuclease site by Brownian motion, where the deoxynucleotide is removed. The physical processes are as follows: (1) the interactions of the template and primer bases at the 3 end of the primer determine the probability of the ends fraying [28, 29] ; and (2) the interactions of amino acid side chains of the polymerase with the bases are different for matched and mismatched bases [30] . With T7p, two important interactions are hydrogen bonds between Arg-429 and Gln-615 with the N-3 of the purine ring and the O-2 of thymine or cytosine [11, 14] . Because of the strong experimental evidence for both processes, their joint requirements for stability essentially determined the choice of what base change to make. The substitution of 5-methyl-2-thiopyrimidinone for T H in a base pair with a purine would remove the stabilizing interaction of a hydrogen bond between the polymerase and the O-2 atom of the pyrimidine. In addition, the high tendency of the sulphur atom to polarize could increase base stacking, and possibly cause a mismatch of a 5-methyl-2-thiopyrimidinone deoxynucleotide with a template adenine to be too stable. The other possibility to decrease the stability of the base pair guanine/T H was to change guanine. The choice was to substitute hypoxanthine for guanine. The two potential hydrogen bonds of guanine deoxynucleotide opposite a template T H were reduced in number to one potential hydrogen bond between hypoxanthine deoxynucleotide and the template T H . However, hypoxanthine retained the potential to form two hydrogen bonds with cytosine. The experimental results showed no detectable net incorporation of hypoxanthine deoxynucleotide opposite a template T H , and only trace incorporation with the opposite configuration ( Table 3) . The error frequency of the incorporation of T H compared with the incorporation of cytosine opposite hypoxanthine was 2 × 10 −6 . The stability of the hypoxanthine/cytosine base pair was maintained, and very good net incorporation occurred (Table 3) . To reduce the stability of the base pair 6-thioguanine/cytosine, H S was substituted for 6-thioguanine. The use of H S instead of 6-thioguanine lowered the number of potential hydrogen bonds with the mismatched base cytosine from two to one. No net incorporation of cytosine deoxynucleotide opposite a template H S was found, and the eni of H S deoxynucleotide opposite a template cytosine was estimated to be less than 3 × 10 −4 µM −1 . The base pairs H S /T H and H/T H each have the potential to form one hydrogen bond. However, H/T H showed only trace net incorporation, while H S /T H showed significant net incorporation in both configurations, with dI S /T H having a value of k 2 /k 3 that was only a factor of 5 less than that of dI/C. There are two significant differences between sulphur and oxygen in the context of incorporation and the stability of a base pair towards 3 → 5 exonuclease activity. (1) Gas-phase spectroscopy [31] measurements show that the force of interaction of hydrogen with sulphur via a hydrogen bond is half that of hydrogen with oxygen, and that the angle with the maximum interaction, measured from the carbon-sulphur (oxygen) bond, is 90
• with sulphur compared with 45
• with oxygen. (2) X-ray structure determinations of crystals of thiopurines and thiopyrimidines are interpreted to indicate strong stacking interactions due to the high polarizability of the sulphur atom [32, 33] . Both base pairs, H/T H and H S /T H , have N-3 and O-2 atoms that can accept hydrogen bonds from the polymerase. The polarizability of the sulphur on H S has the potential to cause a significant stacking interaction with the adjacent base. This stacking interaction would contribute most significantly when H S is at the 3 end of the primer, because this is the deoxynucleotide excised if the 3 end of the primer reaches the exonuclease site. The two configurations of the base pair, dI S /T H and dT H /H S , showed a 20-fold difference in the value of k 2 /k 3 , with the value for dI S /T H being greater. This large difference can be understood on the basis of the large stacking interaction of H S with the previous base at the 3 end of the primer. The stacking interaction would lower the probability of the primer unwinding from the template and then moving to the exonuclease site. Kool [34] has suggested that water molecules bound to amino and oxygen groups of the bases through hydrogen bonds may contribute to discrimination between matched and mismatched incorporation by steric interference. If hypoxanthine had a water molecule bound to its O-6 atom, then there is no appropriate group on T H to displace the water molecule. On the basis of the gas-phase measurement, it is possible that the interaction energy of a hydrogen bond between S-6 on H S and water could be half the interaction energy between O-6 on hypoxanthine and water. Assuming the interaction energy of the hydrogen bond between O-6 of hypoxanthine and a water molecule to be 21 kJ/mol (5 kcal/mol), the probability of H S having a bound water molecule compared with hypoxanthine having a bound water molecule is 1.8 × 10 −2 at 300 K. If O-6 and S-6 interact with two water molecules, and both must be removed for correct base pairing to occur, then the ratio of the probabilities becomes 3.2 × 10 −4 . From this model, when the base H S approaches the template base T H , it carries a water molecule less often than the base hypoxanthine.
The frequency of incorporation of the mismatched base pair G/T compared with the matched base pair G/C for a large number of DNA polymerases with and without 3 → 5 exonuclease activity ranges from 10 −3 to 10 −5 . The frequency of the net incorporation of dT/G compared with dC/G with T7p was estimated to be 1.6 × 10 −5 ( Table 3 ). The frequency for dT/H was the same. The opposite configurations, i.e. dG/T and dI/T, were detectable when a saturating amount of a standard dNTP was present for the next primer position opposite a complementary template base. Given the usually assumed geometry for the base pair T/G [35] , i.e. a hydrogen bond between O-2 of thymine and H-1 of guanine, and a hydrogen bond between H-3 of thymine and O-6 of guanine, it would be expected that dT/G and dT/H would have the same error frequency, because the 2-amino group of guanine in the template does not interact with the thymine, and there is probably no bridging water between the 2-amino group of guanine and O-2 of thymine in the catalytic site of the polymerase. In the opposite configurations, i.e with guanine and hypoxanthine as entering deoxynucleotides, the 2-amino group does not interact with the thymine or the polymerase.
T7p is a processive polymerase [16] . Huber et al. [36] showed that the degree of processivity increased with increasing length of the template/primer molecule. Patel et al. [37] stated that the strength of binding of a templete/primer molecule to T7p decreased when the length was less than a 32/25 mer. The present investigation used template/primer molecules of 14/10 and 24/12 mer, and the degree of processivity was not determined. The level of processivity should not have affected the measurement of the rate of addition of a deoxynucleotide to the primer, or the unwinding of the 3 end of the primer from the template and its movement to the exonuclease site. This is because the template/primer molecules always had T7p bound, there was a saturating concentration of T7p, and only a single deoxynucleotide extension occurred.
Although error frequency is dependent on deoxynucleotide sequence [38] and the sequence context was not examined in the present set of experiments, analysis of the results suggests that the set of three base pairs adenine/thymine, hypoxanthine/cytosine and H S /T H may have adequate fidelity for use in replication and as a basis for a genetic alphabet comprising three base pairs.
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APPENDIX
The minimum number of kinetic steps assumed for T7p are shown at the beginning of the Results section in Scheme 1. The D n s are the template/primers with primers of length n. There are four essential assumptions, as follows. 
Eqns (A2) and (A3) with the steady-state condition give:
where
Substituting for [D n · dNTP] in eqn (A5) with the left side of eqn (A4) gives: 
Setting v = k 2 /(1 + K m /[dNTP]) gives:
i.e. eqn (1) in the main text. v may be interpreted as the rate of product formation per unit of enzyme concentration. For completeness, the equation that describes the fraction of primer present as the sum D n + D n · dNTP + D n+1 , as a function of time after the steady-state condition occurs, is given below (eqn A9). The equation is derived from eqn (A1), the conservation in time of the sum of primers of all lengths (1 to n + 1), and the steady-state conditions expressed by eqns (A4) and (A5). For two times, t 1 and t 2 , where t 2 > t 1 , the fraction of primer with lengths n and n + 1 ( f ) is given by:
